Abstract-We present the characterization of the static and lowfrequency noise performances of some commercial Si-Ge heterojunction bipolar transistors from 4.2 K to room temperature. The low injection region of operation was considered in view of their possible applications for the readout of array of cryogenic detectors.
I. INTRODUCTION
C RYOGENIC detectors show the best performance by locating the very front-end close to them. The minimization of the connections results in a reduction of the parasitic shunting impedance that can deteriorate the signal to noise ratio and/or the dynamic performances [1] .
Cryogenic detectors can have very good energy resolution [2] . Different types of them can operate in a temperature range from a few milli-Kelvin (mK) up to a few hundred mK. Their signal frequency bandwidth is small, ranging from a few hundred kilohertz to about 1 MHz. Their dynamic impedance can be as small as a few or as large as hundreds of [3] . Up to now, the best results have been obtained by adopting cold Si JFET as the first stage of amplification. These devices are able to work down to about 100 K, where they show their best performance. Indeed, Si JFET could meet at cryogenic temperatures and at low frequencies, the requirements of low voltage noise at the nV Hz level and totally negligible current noise.
In this paper, we present our first results obtained by studying an emerging active device, developed for cryogenic applications [4] : the Si-Ge heterojunction bipolar transistors (Si-Ge HBTs). Our study has been focused on the very low-power region of operation at low frequency, in view of applications involving array of cryogenic detectors.
In the following two sections we will show experimental results of both the static characteristics and the voltage and current noise, measured in a frequency range close to dc. The measureManuscript received December 5, 2002 ; revised March 7, 2003 
II. SI-GE HBT STATIC PERFORMANCES

A. Si-Ge HBT Principle of Operation at Cold
The difference between a standard homojunction bipolar transistor and a Si-Ge HBT lies in the energy width of the bandgap of the Base region B. This is engineered, by the diffusion of a percentage of Ge atoms, in order to result smaller than the bandgap of the Si Emitter region, E. At the B-E interface of such semiconductors, a "step" appears at the surface of contact in the valence band; this step behaves as a barrier to the diffusion of the holes from the B to the E region. By sandwiching the Base B between the Si Emitter E and the Si Collector C the transistor function is obtained. This fact allows many benefits.
The description of the B bandgap narrowing action is easily understood from the equation that gives the current gain, the ratio between the C and B currents, of a bipolar transistor:
(1)
In (1), is the smaller value between the width of the E region and the diffusion length of holes within the E region; is the width of the Base B; and are the doping concentration in the E and B regions, respectively; and and are the intrinsic concentration of the E and B regions, respectively. In the design of a homojunction transistor, one can optimize only the first two terms of the three term product in (1) since the intrinsic concentration of both the B and the E regions cannot be modified. In addition, when a large doping concentration in the E region is diffused, the phenomenon of its bandgap narrowing limits the gain and the operation at low temperature [5] : (2) In (2) is the Boltzmann constant, the absolute temperature, and is the bandgap narrowing of . The use of Ge in the B region changes the scenario dramatically. Ge acts now in narrowing the bandgap of the B with respect to that of pure Si. This results in the addition of a degree of freedom in determining the current gain of (1), by getting the possibility of optimizing also the third product term. The ratio 0018-9499/03$17.00 © 2003 IEEE of the square of the two intrinsic concentrations now leads to [6] :
Even a small amount of Ge (with about 10% the expected bandgap reduction is about 75 meV [7] ) induces a bandgap reduction of a few tens of meV within B: this is enough to obtain a number of benefits. The B doping concentration can be made much larger than the E doping concentration and its width can be made very thin. These facts improve much the transistor performance: the base spreading resistance becomes negligible and the base crowding effect disappears. The speed of response of the Si-Ge HBT is enhanced very much from this fact [7] , [8] . Because of the vanishing value of the base spreading resistance the white or high frequency noise is very small.
The described technique is very interesting for the cryogenic applications. From (3) we can see that the term in the exponential is positive: so we expect an increase of the current gain when the temperature lowers. Actually (1), hence (3), have been obtained assuming that the recombination of electrons coming from the E within the B region is negligible. This is certainly the case at ordinary temperatures. When the temperature lowers the Generation-Recombination (G-R) of charges at the surface of separation of the E and the B enhances its effect, partly reducing the current gain increase due to the exponential term of (3) [9] .
B. Measurements of the Static Characteristics
We have selected a few commercial Si-Ge HBT devices (produced by IBM, Infineon, Philips, and SiGe Semiconductors) for testing their performance at cryogenic temperatures. The selected transistors have different technological characteristics. Their transition frequencies spread from about 2 GHz up to 65 GHz. We have verified that not all the transistor families show the same behavior with temperature, especially at very low temperature. Dynamic and/or noise were not acceptable for some of them. Possible cause for this is a small amount of Ge within the B and/or large concentration of recombination centers at the E-B interface.
We have measured the static characteristics with the Keithley 4200 Semiconductor Analyzer. At every selected temperature the Gummel plots and the standardcharacteristics have been recorded for a large range of C currents , with emphasis on the small power dissipation region.
A three-dimensional (3-D) Gummel plot shows at a glance the overall behavior of a transistor with temperature. From the plot the current gain is easily extracted. We have used the 3-D Gummel plot, with the temperature on one axis. An interesting example is presented in Fig. 1 , where the 3-D Gummel plot is shown for the LPT16ED Si-Ge HBT from SiGe Semiconductors. As it can be seen, the current gain for the LPT16ED decreases monotonically with temperature, becoming almost negligible at Liquid Helium (LHe) or 4.2 K. Among the selected transistors the LPT16ED seems to be the one having the smaller operating frequency: this, at some extent, should indicate a small amount of Ge present inside the B region. More interesting properties at LHe have been verified for the Si-Ge HBTs from Philips, the BFU510 and BFU540, that differ in the cutoff frequency, that is larger for the second type. In Figs. 2 and 3 their 3-D-Gummel plots are shown. Both transistors from Philips have enough gain at LHe temperature, but they must be operated in the mA region of , preventing their use at small power dissipation.
The Si-Ge HBTs from IBM and Infineon have shown the most interesting static characteristics. In Fig. 4 we show the 3-D Gummel plots measured with 43RF0100, a device from IBM. As it can be seen, the maximum of the current gain versus increases when the temperature lowers. Its increase is not a true exponential, as predicted by (3), and follows a less steep law: this is probably due to the above mentioned G-R recombination effects.
It can be observed that the maximum of versus occurs at moderated currents, especially at cold. An interesting consideration that can be extracted from Fig. 4 : as the temperature is lowered, the current gain has a steeper dependence from the current, shown by the presence of the cusps visible at low temperatures.
It has been verified that at small currents in the range, the current gain lowers for every device tested. This is presented in Fig. 5 , where the gain is plotted versus temperature for two currents of 1 and 10 . The current gain at 10 has some imprecision close to LHe temperature because of the sharp slope of the gain curve in the Gummel plot (see Fig. 4 ). From  Fig. 5 it can be realized that the transistor from IBM is able to work with adequate gain at LHe for currents above 10 . Static performances have been verified to be adequate for cryogenic applications also for the Si-Ge HBT from Infineon, the BFP620. This device showed a current gain slightly larger than that of the transistor from IBM. The 3-D Gummel plots for the BFP620 are given in Fig. 6 .
Again the dependence of versus with temperature becomes steeper as the temperature lowers. The temperature dependence of the maximum of versus is different with re- spect to that of Fig. 4 . For the BFP620 the maximum of versus is large at room temperature; it becomes smaller and smaller down to about 40 K and then it increases again close to 4.2 K.
The BFP620, like the 43RF0100, shows the same behavior of with the current: its maximum occurs at larger currents as the temperature lowers (Fig. 7) . At small currents tends to become small at the lowest temperatures. The plot of Fig. 8 indicates that also for this transistor the useful current should be greater than 10 at LHe. We conclude this section by showing the output characteristics of versus the C voltage (E grounded) with the B current as a parameter, in the low-power dissipation region and at LHe temperature. In Fig. 9 we can see that a minimum applied voltage of about 0.15 V is necessary to start the conduction of the BFP620. This is obviously due to carrier freeze-out. It is interesting to note that these devices are able to work in the linear region with C voltage of less than 0.3 V. The output impedance results to be very large as a consequence of the large doping of the B region.
For comparison, the output characteristics at room temperature, for the same operating region, are shown in Fig. 10 . As can be observed, the freeze-out phenomenon is not present, as expected. The same behavior at low temperature has been observed also for all the other Si-Ge HBT. Another example is shown in Fig. 11 : the IBM Si-Ge HBT at LHe temperature, in the low-power dissipation region.
An interesting phenomenon has been verified for many of the transistors tested at 77 K and below. An example is shown in Fig. 12 . A sort of threshold is visible in the saturation region as the B current increases. The curves at the onset of the linear region are so sharp simply because the setting of the step, chosen for the C voltage, was not adequate for this measurement. The effect is attributed to charge freeze out. The phenomenon is similar to the one responsible for the saturation regions behavior of Figs. 9 and 11; but in this situation it is greatly enhanced.
III. SI-GE HBT NOISE PERFORMANCES
The noise has been measured in the same temperature range as for the static characteristics. The measurement setup is shown in Fig. 13 . The device under test (DUT) is biased in the emitter follower configuration and put at cold. The E bias resistor is put at cold as well to minimize its thermal noise contribution. The DUT bias current and bias voltage can be adjusted by varying the two voltages generically indicated by the term V in Fig. 13 . A low-noise JFET input differential amplifier [10] , operated at room temperature, is connected to the DUT output. A calibration signal (CAL) is applied before the noise measurement, to measure the overall system transfer function.
We measured both current and voltage noise. The setup of Fig. 13 is sensitive to the voltage noise when both the bistable relays SW1 and SW2 are closed, since in this way the B is con- nected to ground. In case SW1 is open a 100 resistor is connected in series with the B, the current noise can manifest its effects across it. The output is therefore sensitive to the current noise as long as it results larger than the current thermal noise of the 100 resistor itself. At the output of the system, the measured noise of the second stage amplifier and of the 100 resistor, when not short-circuited, are quadratically subtracted.
A. Si-Ge HBT Voltage Noise Measurements
In this and in the following subsections the noise measurements will be shown only for the two transistors that have shown the best low-frequency (LF) noise performance at cold.
The voltage noise has been measured by short-circuiting both SW1 and SW2 of Fig. 13 .
The voltage noise has been verified to be of a nonnegligible amount at LF. This is clearly visible in Fig. 14 , where the noise of the 43RF0100 from IBM is shown as a function of temperature. The plotted spectra have been measured for a few values of the currents between 10 and 250 . Since in this experiment we were interested only in the low-power region of operation, we did not collect enough data to estimate the dependence of the LF noise with . We are planning to investigate this in more detail in a new experiment.
Each noise spectrum has been fitted with the following function, dependent on the frequency : (4) Fig. 15 . Voltage noise for I ranging from 10 A to 250 A versus temperature for the BFP620 from Infineon. V was 0.3 V for every measured spectrum. For most of the noise spectra the value of I is indicated.
In the above equation the LF noise has been considered as composed by the superposition of typical Lorentzian terms. The first term of (4) (with the parameters and ) accounts for the superposition of all the possible Lorentzian contributions located below 1 Hz, the minimum frequency considered in this study. The presence of any pair of Lorentzian contributions at larger frequencies is accounted for by the second term of (4) (with the parameters and , ). Finally the last term fits the white noise term ( ).
Fitting curves, calculated with (4), are superposed to every noise spectrum of Fig. 14 (the same will be done in the following figures). As can be seen, (4) does fit very well the measured noise. This fact suggests that the LF part of the noise of the tested devices is given by G-R noise. This has been verified also for the transistors BFP620 from Infineon, as can be seen in Fig. 15 . In this latter case, the noise amplitude is smaller than that of the IBM 43RF0100. If we consider that BFP620 has shown a larger current gain while the E area of the two transistors seems to be similar, the conclusion is that a smaller number of traps centers is present in the Si-Ge HBT from Infineon with respect to the one from IBM.
The white component of the voltage noise is estimated to be close to 1 in both transistor types, although the LF noise is evaluated only up to 52 KHz, the measured frequency span. Only for a few spectra the noise floor of the second stage, operating at room temperature, was found dominant at the higher frequencies; but it has been cut from the corresponding spectra of Figs. 14 and 15 .
B. Si-Ge HBT Current Noise Measurements
Current noise has been measured with SW1 of Fig. 13 in open condition.
The current noise is large at LF for all the tested devices. Again it seems that the G-R noise is the dominant component in the LF region. This is evident in Fig. 16 , where the current noise of IBM 43RF0100 is shown versus temperature for few current values in the 10 to 250 range. The current noise of Fig. 16 is extracted from the noise voltage referred to the Base input node. If is such a noise voltage, we have: where ( ) is the external base resistor of Fig. 13 . The current noise in Fig. 16 has been calculated as due to the equivalent shot noise source: (6) where is the electron charge and is a frequency-dependent current, accounting for the measured noise. The parameters inside the square brackets have similar meaning to those of (4) . In principle, we may expect to be frequency independent and equal to the dc value of the Base current. At low frequency, this is not verified and the noise current results much larger than expected.
Current noise from the BFP620 device has shown the same behavior of the 43RF0100, but its maximum value results smaller at LF by a factor greater than ten for almost any selected working point (Fig. 17) .
The white component of the current noise at high frequencies is consistent with the shot noise and found below the sensitivity of our setup in many measured spectra. In all the cases for which this was verified, the noise spectra have been cut above the frequencies where the noise from resistor of Fig. 13 was found dominant. The proof of the G-R origin of the LF noise current can be seen in Fig. 18 . There the current noise effect of the 43RF0100 is shown, as measured at the output of the setup of Fig. 13 . Since the voltage gain is 10 000 V/V and the DUT input resistor is 100
, it results that the square pulses, visible in the oscilloscope image, have an average amplitude of about 4 nA at the Base input.
These pulses are the well-known random telegraph signal (RTS). They are the representation of the G-R noise in the time domain. There have been written a number of papers to interpret the RTS effects, see for instance [11] - [14] . We suggest a very simple interpretation. In a conducting slab having a concentration of carrier per unit of volume the current can be expressed by: (7) where is the mobility, the slab length, parallel to the current flow, the slab section, transverse to the current flow, and the applied voltage. Let us suppose now that the total number of charges present increases by one unit due to a trapping center that emits a charges:
. From (7) we obtain: (8) The current change due to a single charge is measurable as long as the current per charge in the sample is larger than the peak-to-peak noise. It is interesting to note from the above equation that this is verified when the doping concentration is small and/or in very small devices, as is the case with Si-Ge HBT. The width of any current pulse and the rate, that are statistically distributed depend on the generation and recombination time constants of the traps and they are temperature dependent.
It is rather difficult to estimate the temperature dependence of the trapping time constants for the tested Si-Ge HBTs. This is due to the fact that the noise spectra contain two or more time constants. In Fig. 19 the pair of trapping time constants, derived by applying (6) to each current noise spectrum of the 43RF0100, are shown as a function of the inverse temperature. As it can be seen, it results quite difficult to derive an exponential fitting function [15] in whatever temperature subrange.
IV. CONCLUSION
A few commercial Si-Ge HBT devices have been tested in view of their use as very low-power front-end for cryogenic detectors. They have been characterized for what concerns both static and noise performance in the low-power region from 4.2 K up to room temperature. It has been verified that some of the sample types are able to work while dissipating very low power, about 3 at 4.2 K. Their voltage and current noise may not be negligible for cryogenic detectors having impedance in the range and/or generating slow signal in the low-frequency band.
